iii LIST OF TABLES Table 1 . Influence of modified atmosphere storage treatments on weight loss of 'Honeoye' and 'Tristar' strawberries after seven days of storage at different temperatures Table 2 . Influence of modified atmosphere treatments on respiration rate of 'Honeoye' strawberry during seven days of storage at 21C Table 3 . Influence of modified atmosphere treatments on respiration rate of 'Tristar' strawberry during seven days of storage at 21C Table 4 . Influence of modified atmosphere treatments on ethylene production of 'Honeoye' strawberry during seven days of storage at 21C strawberries were harvested, graded, and then stored for 7 days at 2C or 21C in air (control) or with one of the following eight modified atmospheres: 1.5% 0 2 , 3.5% 0 2 , 15% C0 2 , 25% C0 2 , 1.5% 0 2 + 15% C0 2 , 1.5% 0 2 + 25% C0 2 , 3.5% 0 2 + 15% co 2 , and 3.5% 0 2 + 25% C0 2 , all balance N 2 • When compared with storage at 21C, storage at 2C reduced weight loss and Botrytis cinerea growth in all corresponding sets of storage atmosphere treatments. Increased C0 2 with decreased 0 2 controlled weight loss and ~ cinerea more effectively than treatment with reduced 0 2 alone at 21C. storage at 2C (versus 21C) reduced respiration of both cultivars. Respiration of both cultivars decreased as the 0 2 concentration decreased at 21C. 'Tristar'
did not produce ethylene at either temperature. 'Honeoye' did not produce ethylene at 2C, but it was produced at 21C.
Increased C0 2 andjor decreased 0 2 concentrations in the storage atmosphere are not satisfactory substitutes for proper lowtemperature storage of strawberries.
INTRODUCTION
Fresh strawberries are perishable and have a maximum shelf life of five to seven days (Hardenburg et al., 1986}. They are susceptible to rapid decay due to gray mold rot, which is caused by Botrytis cinerea (Harris and Harvey, 1973; El-Kazzaz et al., 1983) . The respiration rate of strawberry is high (169 to 211 mg C0 2 •kg" 1 •hr" 1 at 25 to 27C}, and suitable postharvest handling methods are required to minimize postharvest losses (Hardenburg et al., 1986) . Postharvest losses also can be minimized by forced-air cooling of the fruit to lC within one hour of harvest (Harvey et al., 1966; Ryall and Pentzer, 1982}. In eastern North America, the majority of strawberries are sold directly to consumers through pick-your-own (PYO} operations. Recently, demand for prepicked strawberries has increased and PYO sales have decreased (Courter and Kitson, 1988} . As demand shifts from PYO to prepicked, suitable postharvest handling methods for maintenance of quality must be developed. Refrigeration is both a major capital expenditure, and it is expensive to operate and maintain. It would be ideal if strawberry farmers with small acreages switching from PYO to prepicked could use a means other than refrigeration for storing prepicked strawberries. (Kader, 1985b) . Kidd and West (1922) first reported that storage life was doubled by holding apples in 14% C0 2 and 8% 0 2 • High concentrations of C0 2 andjor low concentrations of 0 2 reduce fruit respiration and inhibit fungal growth, thus extending storage life (Kader, 1985b) . However, C0 2 at 30% or greater andjor 0 2 at less than 2% caused development of off flavors (Harvey et al., 1966) . Wells (1970) was the first researcher to study the effect of MA storage on strawberry shelf life. He compared heat treatments, MA (20% C0 2 , 1% 0 2 ) ,and fungicide treatments, and he found that only high C0 2 and refrigeration (storage at 1.7C) reduced total loss.
CA storage with increased C0 2 andjor reduced 0 2 has been used successfully to extend postharvest longevity of strawberries. Elevated concentrations of C0 2 inhibit decay and retard softening without impairing the delicate flavor of the berries. Furthermore, the effects of elevated C0 2 persisted after removal to air. Thus, compared with air at the same temperature, increased concentrations of C0 2 extended strawberry storage life by more than 50% (Harris and Harvey, 1973) . Lipton (1975) reported that CA storage delayed fruit ripening, and Woodward and Topping (1972) , Siriphanich (1980) , and Li and Kader (1989) indicated that CA reduced the 3 respiration and ethylene production rates of strawberries.
El- Kazzaz et al. (1983) and Li and Kader {1989) also reported that CA retarded softening.
The purpose of this research was to determine whether or not modified-atmosphere storage could be used satisfactorily as a substitute for low-temperature storage of strawberries.
The specific objective of this research was to determine the effect of combinations of low 0 2 andjor high C0 2 concentrations on weight loss, percentage mold growth, respiration, and ethylene production of strawberries stored at two temperatures.
LITERATURE REVIEW

Characteristics and Postharvest Handling of Strawberry
The strawberry fruit is 85 to 90% water, about 8.4%
structural carbohydrates, 4 to 6% sugars, and 0.5 to 1.8% titratable acidity, with citric acid as the main organic acid (Watt and Merrill, 1975) . The epidermis and cuticle of the strawberry is thin and soft. It is injured easily and subsequently can be attacked by decay organisms such as Botrytis cinerea and Rhizopus ~· (Ryall and Pentzer, 1974; Mitchell, 1985) .
At OC, the strawberry respires rapidly with a vital heat output of 680.4 to 982.8 kcal•ton-1 •day-1 (Pantastico, 1975) .
This elevated respiratory rate causes the strawberry to deteriorate quickly, and it limits storage life to about one week. Strawberry is a nonclimacteric fruit, and therefore, a burst of co 2 or c 2 H 4 production is not observed during ripening or storage (Haller et al., 1932) . In most cases, strawberry respiration increases slightly with time in storage (Haller et al., 1932) .
Several researchers have reported that strawberries produce trace amounts of C 2 H 4 (0.01 to 0.1 J . .ll•kg-1 •hr-1 at 20C), that exogenous c 2 H 4 has no effect on ripening, and that c 2 H 4 removal during postharvest handling offers no advantages 5 (Kader, 1980; Gerheart, 1930; Rhodes, 1970; Siriphanich, 1980) . Fresh-market strawberries have a limited postharvest life at ambient temperatures, and this reduced shelf life often is caused by fungal invasion (Dennis and Mountford, 1975) .
Importance of temperature
Temperature management is the most important method of maintaining the postharvest quality of fruits. Sommer (1985) reported that temperature control is considered central to all modern postharvest handling systems because low temperatures maximize postharvest life and decrease fungal growth. Kader (1985b) and Lipton (1975) reported that a specific concentration of C0 2 or 0 2 in the storage atmosphere may be beneficial at a specific temperature, but it can be clearly harmful at another. Mitchell et al. (1964) reported that as temperature rises, the useful life of strawberries decreases rapidly because of decay. At o, 5, and 21C, strawberries remained in marketable condition for about 7-10, 3-5, and 1-2 days, respectively (Mitchell et al., 1964) . Matsumoto and Sommer (1967) (Spayd et al., 1990) . Sommer et al. (1973) reported that cooling strawberries to 1.5 to 2.0C by forced-air cooling immediately after harvest removed field heat, maintained fruit quality, and extended postharvest life.
Modified Atmospheres for Transit and Holding
Terminology
A modified atmosphere is a system for produce storage in which the gas composition differs substantially from air. The proportions of nitrogen (N 2 ), oxygen (0 2 ), or carbon dioxide (C0 2 ) in air may be changed, and other gases such as carbon monoxide or ethylene may be added to the system (Kader, 1985b; Ryall and Lipton, 1972) . A gas mixture is termed a controlled atmosphere (CA) if it is adjusted periodically or constantly to compensate for changes caused by fruit metabolism (E1- Kazzaz et a1., 1983) . Lipton (1975) , Ryall and Lipton (1972) , and Kader (1985b) reported that MA is in principle the same as CA, but the difference betweenn them is one of degree and method of control. Lipton (1975) reported that C0 2 derived from either dry ice or fruit respiration is allowed to accumulate and 0 2 is allowed to decrease in MA.
overview Postharvest handling of fruits and vegetables includes the following treatments: refrigeration, chemical (fungicide), heat, hypobaric, radiation, and modified-atmosphere storage, or a combination of them. CA or MA may increase the benefits derived from refrigeration (Metilitskii et al., 1983) . CA generally refers to a decrease in 0 2 and increase in C0 2 andjor N 2 , while MA is similar in principle but without adjustment of the gases to a specific concentration (Maas, 1981) . Harris and Harvey (1973) reported that the best concentration of C0 2 , one that eliminates decay without injuring the fruit, depends upon temperature of the fruit, time of exposure to C0 2 , and possibly other factors such as variety and maturity of the fruit. Lipton (1975) reported that strawberries are considered the best-suited fruit for CA storage. Ryall and Lipton (1979) and Kader (1985b) reported that strawberries are stored in MA more often during transit than under other conditions. These investigators also reported that fruits stored in CA maintained quality at a specific air temperature, which can be CA lowered respiration and ethylene production (Woodward and Topping, 1972; Siriphanich, 1980; Li and Kader, 1989 ). Herner {1987) reported that because C0 2 is a product of respiration, the respiration rate will decrease as the concentration of C0 2 in the atmosphere increases.
Burg and Burg {1967) showed that C0 2 inhibits the mode of action of C2H4. They also showed that co 2 inhibits the activity of respiratory enzymes such as succinate dehydrogenase. El-Kazzaz et al. {1983), Li and Kader {1989), Harris and Harvey (1973) , and Ryall and Pentzer {1974) reported that CA retarded the softening of strawberries.
Ryall and Pentzer {1974) found that when fruits were stored at high C0 2 concentrations, fruit firmness persisted.
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Low 0 2 Couey and Wells (1970) reported that in commercial applications, the use of low-oxygen atmospheres to control ripening and decay of fresh commodities during transport and storage has become limited. Development of off-flavors can occur at 0 2 concentrations as low as 1% .
Only low concentrations of oxygen, 0.5% or less, reduced the decay of fresh strawberries caused by ~ cinerea The differences in response to low-oxygen atmospheres among different strawberry cultivars were slight . Previous investigations have shown that strawberries developed off-flavors at low oxygen concentrations (approximately 1%) that significantly reduced decay during storage life (Sommer, 1985; Li and Kader, 1989; Couey and Wells, 1970; Couey et al., 1966) . Thus, the narrow effective range of 0 2 concentrations that do not cause offflavors may lead to reduced use of low-0 2 atmosphere storage for strawberry.
High C0 2
The carbon dioxide concentration during storage and shipment of fruit is important. Atmospheres enriched with C0 2 have been used for many years to reduce postharvest decay of strawberry (Brooks et al., 1932, Couey and Wells, 1970; Browne et al., 1984; Harvey, 1982; Ryall and Penzer, 1974; Winter et al., 1936) . Browne et al. (1984) showed that co 2 at 3, 5, or 10% in air did not consistently retard the decay caused by ~ cinerea during six days at 2C or during subsequent shelf life in air at 15C. These co 2 concentrations also did not reduce wastage or extend the postharvest life of 'Cambridge Favorite' strawberry. On the other hand, Woodward and Topping (1972) found that strawberries remained in good condition for 10 days after storage at 3C in air with 5, 10, 15, and 20% C0 2 and that all C0 2 concentrations reduced decay due to ~ cinerea.
El- Kazzaz et al. (1983) reported that off-flavors were detected after treatment with air with 15% C0 2 • Smith (1957), Li and Kader (1989) , Woodward and Topping (1972) , and Harris and Harvey (1973) reported that greater concentrations of C0 2 , approximately 20%, retarded fungal decay in fruit during transport. Harris and Harvey (1973) reported that increased concentrations of C0 2 , 20 and 30%, have controlled more decay in california strawberries than have lower concentrations (0 and 10%). Wells and Uota (1970) reported that C0 2 concentrations greater than 10% inhibited growth of Rhizopus ERO· rot and that C0 2 concentrations greater than 20% inhibited ~ cinerea.
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Combined Low 0 2 -High C0 2 _
The resultant effect of some combination of high-C0 2 and low-0 2 atmospheres is synergistic (Li and , Kader., 1989) . Sommer (1985) reported that the commonly used storage atmospheres of 2 to 4% 0 2 and 5 to 7% C0 2 suppress respiration and delay ripening of fruit, but such results cannot be achieved with either 0 2 or C0 2 controlled atmospheres alone.
The concentration of 0 2 alone needs to decrease to 1% or less, and the concentration of C0 2 needs to be increased to 15% or more to achieve effects similar to those of the combined low 0 2 and high C0 2 atmosphere (Sommer, 1985) . Kader (1985b) reported that the best CA combination may depend upon cultivar, length of storage, and temperature. Li and Kader (1989) found that the residual effects on strawberries were more pronounced when they were stored under the combination of Fruit were exposed to an air control and eight modified atmospheres (MA): 1.5% 0 2 , 3.5% 0 2 , 15% C0 2 , 25% co 2 , 1.5% 0 2 + 15% C0 2 , 1.5% 0 2 + 25% C0 2 , 3.5% 0 2 + 15% C0 2 , and 3.5% 0 2 + 25% C0 2 , balance N 2 • Eighteen, 9.8-liter desiccators were placed in a cooler at 2 ± 0.5C, and another eighteen desiccators were placed in the laboratory at 21 ± 2C. Mixtures of the desired test atmosphere were obtained by the procedure of Morris (1969) . Test atmospheres were passed through the desiccators at one air exchange per hour by using capillary tubes for flow control.
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Samples of the test atmospheres were collected at inlets (every 24 hr) and outlets (every 12 hr) of the desiccators and analyzed by using a Varian model 3700 gas chromatograph as described previously (Sinska and Gladon, 1984) . The test atmospheres were humidified (85 to 90% relative humidity) as described previously (Diesburg et al., 1989) . After seven days in the test atmosphere, final fresh weight and percentage ~ cinerea incidence were measured.
Production rates for co 2 and C 2 H 4 were calculated by the formula :
c 2 H 4 /l j 100) x (flow rate (mljhr)) /(sample weight(kg)) (Kader, 1985a) .
The experimental design with 'Honeoye' was three (Table 1 ). There were differences in weight loss of 'Honeoye' strawberry among modified the MA treatments at both temperatures (Table 1) . Least weight loss occurred with 15 and 25% C0 2 , and the greatest loss occurred at 1.5% o 2 , 3.5% 0 2 , 1.5% 0 2 + 15% C0 2 , 3.5% 0 2 + 15% C0 2 or air (Table 1}. After 'Tristar' strawberries were stored for seven days, there were differences in weight loss among MA treatments at both temperatures (Table 1) . At 2C, there was more weight loss at 1.5% 0 2 and 15% C0 2 than there was in air ( C0 2 ) in either 'Honeoye' or 'Tristar' strawberries at 21C
( Fig. 1 and Fig. 2 ). 'Honeoye' berries held in air had the greatest percentage mold growth. Berries held in 1.5% 0 2 + 0% C0 2 , 3.5% 0 2 + 0% C0 2 , 1.5% 0 2 + 15% C0 2 , and 3.5% 0 2 + 15% C0 2 had less percentage mold growth than those held in air, but they had more percentage mold growth than berries held in 1.5% 0 2 + 25% C0 2 and 3.5% o 2 + 25% C0 2 (Fig. 1) . For 'Tristar', berries held in air, 1.5% 0 2 + 0% C0 2 , 3.5% 0 2 + 0% C0 2 , 1.5% 0 2 + 15% C0 2 , and 3.5% 0 2 + 15% C0 2 had the greatest percentage mold growth.
Berries held in 3.5% 0 2 + 25% C0 2 had less percentage mold growth than the previous group of five MA treatments, and 1.5% 0 2 + 25% C0 2 had less percentage mold growth than 3.5% 0 2 + 25% C0 2 (Fig. 2) .
Respiration
There were no differences among modified atmosphere treatments of either 'Honeoye' or 'Tristar' for respiration at 2C for any day (Table Bl and Table B2 ). For both cu1tivars stored at 21C, the only apparent trend was a general increase 16 in the respiratory rate as the time in storage increased {Table 2 and Table 3 ). For both cultivars, the lowest rate of respiration was obtained in the MA treatments that contained 0% 0 2 , but differences among MA treatments were not observed consistently.
Ethylene Production
Ethylene production was not detected in 'Tristar' strawberries during seven days of storage at either 2C or 21C
(data not presented). Ethylene was not produced in 'Honeoye' strawberries stored at 2C (Table Al) , but ethylene was detected in 'Honeoye' stored at 21C {Table 4). Ethylene production was inhibited completely by a lack of 0 2 during seven days of storage (Table 4) . In several cases, ethylene production rates of berries held in air was greater than the ethylene production rates of berries held in one of the MA treatments. Table 3 .
Influence of modified atmosphere treatments on respiration rate of 'Tristar' strawberry during seven days of storage at 21Cz 
DISCUSSION
In the 1990 trials, there were no differences in weight loss, mold growth, respiration rate, or ethylene production between cooled and noncooled 'Honeoye' strawberries stored 2C or 21C. These results may have been due to environmental conditions, such as fruit temperature at harvest. However, a more plausible explanation is that the fruits were cooled then graded (at room temperature) and this return to room temperature for grading probably nullified the effects of the cooling treatment.
There was no ~ cinerea observed at 2C in any of the MA treatments for either 'Honeoye' or 'Tristar' strawberries during the seven days of storage.
Furthermore at 21C, ~ cinerea growth was inhibited completely at 0% 0 2 + 15% C0 2 or 0% 0 2 + 25% C0 2 and it was reduced under the several of modified atmosphere treatments compared with fruits held in air.
During seven days of storage, the most important factor to maintain good quality of 'Honeoye' and 'Tristar' strawberries was low temperature (2C), the modified atmosphere treatments could not overcome the detrimental effects of a higher temperature (21C). Lipton (1975) reported the useful life of strawberries decreased rapidly as the temperature increased, mainly as a result of decay due to fungal growth.
In our study, 'Honeoye' and 'Tristar' strawberries were in good condition after seven days of storage at low temperature ( 2C) .
Weight Loss
For all MA treatments, weight loss was lower at 2C compared with 21C (except for 15% C0 2 and 25% C0 2 at 21C ) .
Differences in the rate of respiration for 'Honeoye' and 'Tristar' strawberries in the various MA treatments supported this finding. Mohamed et al. (1986) reported that temperature and storage duration have marked effects on both physical and chemical properties of fruits during cold storage. They reported that 'Tioga' strawberries can be stored for 14 days and 6 days at 0 and 5C, respectively, without marked deterioration.
In agreement with our results, Harvey (1967) reported that if berry temperature is maintained below 4.4C, no measurable benefit is realized from a high co 2 atmosphere.
Fungal Growth Harvey (1967) reported that high C0 2 was a particularly effective MA treatment when berry storage temperatures are greater than 4.4C, but is not so when temperatures are less than 4.4C. He also reported that maintaining the concentration of C0 2 at 13 to 27% in sealed pallets substantially reduced mold growth. El-Kazzaz et al. (1983) stated that 15% C0 2 in air was the most effective MA in terms of reducing fruit decay. Harris and Harvey (1973) determined that co 2 concentrations of 20 and 30% were more effective in controlling decay than were 0 and 10%. Sommer et al. (1973) found that high co 2 effectively suppressed mold growth when temperatures were above 5C, but at lower temperatures, the effectiveness was modest or undetectable because little fungal growth occurred, without regard to the MA treatment. Smith (1957) and Li and Kader (1989) reported that a high concentration of C0 2 (20%) decreased fungal decay of fruit during storage.
In this research, ~ cinerea growth commenced on the second day of storage at 3.5% 0 2 at 21C. It spread to other fruits quickly as a result of the high temperature and high humidity in the MA chambers. In addition , ~ cinerea growth was not detected in either 'Honeoye' or 'Tristar' strawberries at 2C or 21C when the berries were held in an atmosphere that contained no 0 2 • In agreement with our results, Follustad (1966) reported that at concentrations of 0 2 less than 1%, the growth of decay fungi was reduced. Couey et al. (1966) determined that decay caused by ~ cinerea was reduced at concentrations of 1.5% 0 2 or less.
C0 2 concentrations of 15 and 25% at 0% 0 2 completely inhibited growth of ~ cinerea at 21C and the combination of lowered 0 2 and elevated C0 2 MA treatments (1.5% o 2 + 25% C0 2 , 3.5% 0 2 + 25 % C0 2 ) reduced~ cinerea growth when compared with air, but the flavor of such strawberries was unacceptable (data not presented). strawberries. The respiration rates of 'Honeoye' and 'Tristar' strawberries were lower at 2C than at 21C for all MA treatments (except for 15% C0 2 and 25% C0 2 at 21C).
The respiration rate of 'Honeoye' strawberries on the second day was six times greater at 21C than at 2C. Maxie et al. (1959) determined that the rate of respiration of fresh 'Shasta' strawberries soon after harvest was about 7.2 times greater at 20C than at oc. Lipton (1975) reported that CA or MA may be beneficial at one temperature but decidedly harmful at another. Li and Kader (1989) found that CA reduced the respiration rate of strawberries. Kubo et al.(l990) found that high C0 2 atmospheres decreased respiration in climacteric fruit which produced ethylene, although high C0 2 had little or no effect on respiration of nonclimacteric fruit (e.g., strawberry).
Ethylene Production
There was no C 2 H 4 production detected in 'Honeoye' strawberries stored at 2C in any MA treatment.
In agreement with these findings, Lougheed (1987) reported that within the normal range of storage temperatures, the effects of ethylene are directly controlled by temperature. Wills et al. (1981} reported that the propensity to produce ethylene also may be weakened by storage at low temperature.
The production of ethylene by 'Honeoye' strawberries was inhibited during seven days of storage at 21C under high co 2 concentrations (15% and 25%) when there was no 0 2 • Likewise, reduced 0 2 concentrations and MA treatments that combined low 0 2 with elevated C0 2 reduced C 2 H 4 production partially. Burg and Burg (1967) reported that C0 2 inhibited C 2 H 4 action competitively and helped regulate C 2 H 4 biosynthesis. El-Kazzaz et al. (1983) found that there was no ethylene production by 'Aika' strawberries during 8 days of storage at 15% C0 2 in air at 0.6±0.5C. Lougheed (1987) , Wills et al. (1981) , and Li and Kader (1989) all reported that by either increasing the C0 2 concentration or decreasing the 0 2 concentration, they were able to reduce c 2 H 4 production.
SUMMARY AND CONCLUSIONS
Cooled and noncooled 'Honeoye' strawberries were similar in terms of mold growth at 2C and at 21C. High C0 2 atmospheres (15% C0 2 and 25% C0 2 ) inhibited ~ cinerea growth at 21C. There was no difference between 3.5% 0 2 and normal air in terms of the reduction of mold growth at 21C.
In all modified atmospheres except 15% C0 2 and 25% C0 2 , weight loss of 'Honeoye' and 'Tristar' was less at 2C than at 21C.
Growth of ~ cinerea could be inhibited during seven days of storage of 'Honeoye' or 'Tristar' strawberries by low temperature (2C).
The combination of low 0 2 and high C0 2 (1.5% 0 2 + 25% C0 2 and 3.5% 0 2 + 25% C0 2 ) reduced growth of ~ cinerea better than did low 0 2 (1.5% 0 2 and 3.5% 0 2 ) alone at 21C. According to our visual observations, there was no difference in terms of mold growth between 3.5% 0 2 + 0% C0 2 or air (control) at 21C. (%) (%
